Background: Phototherapy is one of the most efficacious treatment options for psoriasis. New, emerging studies are beginning to define the biologic mechanisms by which phototherapy improves psoriasis.
P HOTOTHERAPY has long been used for the treatment of skin conditions. In ancient times, Egyptians were known to use sunlight to treat a variety of skin ailments; other early civilizations, including the Romans and Greeks, also used sunlight for therapeutic purposes. 1 More sophisticated uses of phototherapy, specifically for the treatment of psoriasis, have only occurred more recently, with significant developments taking place starting in the early twentieth century. In 1925, Dr. William Goeckerman described the benefits of treating psoriasis using ultraviolet (UV) rays in combination with crude coal tar. 2 In the 1950s, Dr. John Ingram developed a treatment regimen using ultraviolet B (UVB) radiation in conjunction with coal tar and anthralin paste. 3 In the 1970s, broadband UVB was discovered to be effective in clearing mild forms of psoriasis when given in doses, 4 whereas ultraviolet A (UVA) irradiation, in combination with either oral 5, 6 or topical application 7 of psoralen, was found to be effective in treating psoriasis. In the 1980s, a more defined wavelength of UVB was discovered by researchers to be particularly effective in treating psoriasis and was subsequently referred to as narrowband ultraviolet B (nbUVB). 8 Phototherapy is now one of the most common treatment options for psoriasis, with nbUVB and psoralen plus ultraviolet A (PUVA) as the most widely used applications. 9, 10 Clinical studies have also demonstrated the efficacy of phototherapy as one of the most effective treatment options, especially for patients with widespread disease who have moderate to severe psoriasis. 11 Although phototherapy is now recognized as one of the efficacious treatment options for psoriasis, the biologic mechanisms by which phototherapy improves psoriasis are only now becoming understood. In this review, we provide an overview of several mechanisms thought to be responsible for the therapeutic effects of phototherapy in psoriasis.
Methods
A review of studies that investigated the mechanisms of action of phototherapy in psoriasis was performed. Eligibility criteria included all studies published in English in the Medline database from January 1, 1985, to August 15, 2011. Two investigators independently completed the screening process to minimize the risk of bias, and disagreements were resolved by mutual consensus. The inclusion criteria included all original peer-reviewed articles, including all relevant human and nonhuman in vitro and in vivo studies. Articles were found using the following MESH terms: ''phototherapy'' AND ''psoriasis.'' Keyword searches were also used as a secondary search strategy to ensure that all relevant articles were included.
After completing the literature search, the key findings of each study were extracted and were broadly categorized.
Results
Four categories of action were proposed in the literature to describe the effects of phototherapy on psoriasis: (1) alteration of the cytokine profile, (2) induction of apoptosis, (3) promotion of immunosuppression, and (4) all other mechanisms.
Alteration of Cytokine Profile
Helper T (Th) cells guide the host immune response by differentiating into distinct effector subsets, which result in alternative patterns of cytokine expression. The three main Th subsets in humans are Th1, Th2, and Th17. Psoriasis is thought to be a Th1/Th17-mediated inflammatory process driven by overexpression of Th1-and Th17-associated cytokines, leading to keratinocyte hyperproliferation and inflammation ( Figure 1 ). As such, psoriatic lesions are characterized by an increase in Th1 and Th17 cytokines Figure 1 . Immunopathogenesis of psoriasis and the impact of phototherapy on altering the cytokine profile. In psoriasis, antigen-presenting cells (dendritic and macrophage cells) activate naive helper T (Th) cells and induce their differentiation into Th1 and Th17 cells, leading to the release of Th1 and Th17 cytokines that promote inflammation and epidermal hyperplasia. Phototherapy has been shown to downregulate the Th1/Th17 proinflammatory axis and upregulate the counterregulatory Th2 pathway, leading to clinical improvement. The effects of phototherapy are shown in red. Phototherapy in Psoriasis: Review of Mechanisms of Action and a relative decrease in Th2 cytokines compared to normal skin. 12, 13 Several studies have described how phototherapy reverses the cytokine profile typically seen in psoriasis by shifting the immune response toward the counterregulatory Th2 axis and away from the Th1/Th17 inflammatory axis.
Several early studies described an upregulation of Th2 cytokines in response to phototherapy. UVB-irradiated keratinocyte cultures from nine healthy subjects led to enhanced transcription and expression of interleukin (IL)-10, 14 a key immunomodulatory cytokine in the Th2 pathway. Increased IL-10 levels were also observed in the skin of 71 healthy patients exposed to three minimal erythema doses (MEDs) of solar-simulated UV radiation, most notably at 15 to 24 hours postirradiation, 15 whereas another study found significant increases in IL-10 concentration in UVB-irradiated skin of 25 healthy patients after three MEDs, with maximal values at approximately the same time point. 16 The administration of recombinant IL-10 into psoriatic plaques resulted in increased Th2 cytokine expression of IL-4, IL-5, and IL-10 and decreased Th1 cytokine expression of IL-12 and tumor necrosis factor a (TNF-a). 17 Subsequent studies have reported similar patterns of upregulation of IL-10 expression in response to UV exposure, including increased expression of IL-10 in both the epidermis and the dermis of psoriasis patients who were exposed to controlled natural sunlight 18 and greater levels of IL-10 expression in circulating T cells in four psoriasis subjects exposed to nbUVB. 19 Several studies have also consistently found evidence of downregulation of the Th1/Th17 proinflammatory pathways in psoriasis with phototherapy. One group found that natural sun exposure led to a decrease in Th17 inflammatory cytokine expression, specifically IL-17 and IL-23, in the psoriatic lesions of three of four patients investigated in the study. 18 nbUVB treatment suppressed Th1/Th17 cytokines in 14 patients with moderate to severe psoriasis, with decreased levels of IL-12, IL-17, IL-20, IL-22, and IL-23 observed, but only in psoriatic plaques that showed clinical improvement with phototherapy. 20 Similarly, chronic plaque-type psoriasis lesions that were responsive to nbUVB treatment showed decreased expression of interferon-c (IFN-c) inducers in the Th1/Th17 pathways, specifically IL-12, IL-18, and IL-23. 21 One group of researchers reported that nbUVB-irradiated psoriasis lesions had significantly decreased levels of messenger ribonucleic acid (mRNA) expression of IL-12 and IFN-c, whereas IL-4 expression-a Th2 cytokine that suppresses the Th1/Th17 axis-was discovered to be significantly upregulated. 22 A recent study employing gene expression profiling revealed that the Th17 and IFN signaling pathways are inhibited in human psoriatic skin irradiated with nbUVB. 23 Researchers also found decreased expression of Th1/Th17 inflammatory cytokines, specifically IFN-c, IL-12, and IL-23, in both the epidermis and the dermis in the psoriatic lesions of 15 patients who underwent 20 sessions of PUVA therapy. 24 Similar findings with PUVA therapy were also reported in a study that used a mouse model to show evidence of IL-23/Th17 axis suppression, including results that indicated a downregulation of IFN-c expression by 10-fold after eight sessions of photochemotherapy. 25 Although most studies have found localized changes in cytokine expression within the psoriatic lesions, two studies have found systemic changes in cytokine expression that reflected a downregulation of the Th1/Th17 axis.
In one case-control study, 34 psoriasis patients treated with either PUVA or nbUVB had significantly lower plasma levels of TNF-a and IL-23 at the end of the third week of treatment, along with decreased serum levels of IL-22 and IL-17 at the completion of 6 weeks of therapy. 26 Another study found a decreased number of regulatory CD4 + CD25 + T cells, as well as lowered levels of TNF-a, in the serum of 12 patients with severe psoriasis after 1 month of PUVA therapy compared to before treatment. 27 
Induction of Apoptosis
Apoptosis is the process of programmed cell death that can be induced by a variety of external stimuli, including hypoxia, infection, heat, and radiation exposure. Several factors can also trigger the process of organized cell death: injury to cellular membranes, damage to intracellular organelles, and activation of tumor suppressor genes. Characteristic morphologic changes in apoptosis include cell shrinkage, membrane blebbing, and chromosomal deoxyribonucleic acid (DNA) fragmentation. 28 Several studies have implicated apoptosis as a key process by which phototherapy is effective in the treatment of psoriasis. Interestingly, the induction of apoptosis appears to occur in several different skin cell types. One study found that UVB therapy led to selective apoptosis and profound depletion of T lymphocytes in epidermal psoriatic tissue, but minimally in the dermis. In this study, keratinocytes also underwent apoptosis, but only in response to high levels of UVB. The authors concluded that the deletion of activated lymphocyte clones was responsible for producing sustained therapeutic improvements typically seen with phototherapy. 29 Similarly, nbUVB was found to lead to the apoptosis of T lymphocytes from the epidermis and dermis of psoriatic lesions, both in vivo and in vitro. 30 Enhanced keratinocyte apoptosis was observed in 30 psoriasis patients on PUVA therapy after 6 weeks of treatment. 31 Similarly, increased levels of keratinocyte apoptosis and significant expression of epidermal tp53, a tumor suppressor protein, were seen in the nonlesional skin of five psoriasis patients who underwent nbUVB irradiation. 32 That both T cells and keratinocytes may be targets of apoptosis was confirmed in a study that showed that the percent distribution of the two cell types undergoing UVB-induced apoptosis was approximately the same as their relative proportions in epidermis. 33 Although Langerhans cells (LCs) were found to be depleted in the epidermis following UVB irradiation, this may reflect migration of LCs from skin to subcutaneous lymph node, although apoptosis likely played a small role as well. 34 In summary, evidence from the literature indicates that phototherapy induces apoptosis of a variety of relevant cells in psoriasis, including epidermal T cells, dermal T cells, keratinocytes, and, to a lesser degree, LCs (Figure 2) .
The specific mechanisms by which phototherapy induces apoptosis have been described in a number of studies. UVB-mediated apoptosis in human epithelial cells is thought to occur through DNA damage-particularly through the formation of pyrimidine dimers and through injury to the cellular membrane-resulting in death receptor activation and the triggering of the apoptosis cascade. 35 More specifically, UV light is thought to induce clustering and internalization of TNF, IL-1, and epidermal growth factor receptors on cell surfaces 36 and activate CD95 surface molecules, 37 both of which trigger pathways that lead to programmed cell death. UV radiation is also believed to induce apoptosis by creating reactive oxygen species that damage cellular, mitochondrial, and nuclear membranes and by directly damaging DNA. [38] [39] [40] Furthermore, UVB irradiation can induce apoptosis of intraepidermal T cells by increasing Fas ligand expression on the surface of keratinocytes, which then bind to infiltrated T cells in the epidermis to trigger apoptosis. 41, 42 
Promotion of Immunosuppression
In addition to its role in triggering apoptosis in psoriasis lesions and downregulating the Th1/Th17 inflammatory pathways, phototherapy has been suggested in a number of studies to induce other changes that reflect immunosuppression.
UV-induced immunosuppression of epidermal LCs was described in several studies to help explain the therapeutic effects of phototherapy. In one study, researchers found a decrease in LCs in nonlesional epidermal tissue in five psoriasis patients who were exposed to nbUVB. 32 Similarly, decreased LC density was observed in healthy human skin after exposure to either UV solar-simulated radiation, UVA radiation alone, or UVA + UVB. 43 Decreased density of LCs in lesional epidermis was also observed in response to natural sun exposure. 18 These findings were confirmed by researchers who found significant reductions in LCs in the epidermis, and significant increases in LCs in the draining lymph nodes, in mice irradiated with chronic solarsimulated radiation. 44 In vitro studies demonstrated that low-dose UVB irradiation of healthy human skin resulted in decreased dendritic cell expression of B7 costimulatory signals, which normally bind to CD28 and CTLA-4 on T lymphocytes. 45 Besides inducing the migration of LCs out of the skin and immunosuppression of LCs, phototherapy has been implicated in causing other immunomodulatory effects. A team of Japanese researchers discovered evidence of decreased mast cell degranulation and histamine release from UVBand PUVA-irradiated skin in animal models, [46] [47] [48] findings that may be associated with the reduction of erythema and pruritus in psoriatic lesions. 49 A separate study also reported evidence of diminished contact hypersensitivity in UVBirradiated skin in an animal model, 50 whereas some studies, [51] [52] [53] but not all, 54 have implicated the accumulation of cis-urocanic acid, formed in the epidermis by UV irradiation, as a mediator of contact hypersensitivity suppression. Furthermore, researchers found increased recruitment of FOXP3 + cells, which are regulatory T cells that suppress the activation of the immune system, in the dermal compartment of human psoriatic skin irradiated with natural sunlight. 18 
Other Mechanisms
Additional hypotheses have been raised in the literature to explain the therapeutic benefits of phototherapy in the treatment of psoriasis. Cell-cycle arrest has been attributed to the therapeutic properties of phototherapy. In one casecontrol study comparing 25 psoriasis patients to 10 healthy controls, lower levels of tp53, a cell-cycle suppressor protein, and higher levels of cyclin D1, a cell-cycle promoter protein, were found in skin biopsies of psoriatic lesions. Normalization of both p53 and cyclin D1 occurred after psoriatic skin was exposed to either nbUVB or PUVA therapy. 55 These findings are similar to other studies that found decreased expression of cyclin D1 after UV irradiation of murine macrophage 56 and human epidermoid carcinoma cells. 57 Another mechanism proposed to describe the therapeutic action of phototherapy in psoriasis is the inhibition of double-stranded ribonucleic acid (dsRNA) activity. Psoriatic lesions have increased dsRNA receptor level and activity, which is thought to play a role in the innate immune system. Normalization of dsRNA occurred with exposure to nbUVB irradiation through the inhibition of both mRNA expression and dsRNA receptor synthesis. 58 Furthermore, phototherapy is also thought to alter gene expression in psoriatic skin beyond the mechanisms discussed in the first three broad categories of action. One group found that insulinlike growth factor-binding protein 7 (IGFBP7) gene is underexpressed in psoriatic epidermis but that nbUVB led to significantly increased levels of expression. 59 The authors hypothesized that IGFBP7 may be an antiproliferative protein that controls cell migration, angiogenesis, and inflammation.
Discussion
A comprehensive review of the literature suggests that phototherapy acts through a combination of pathways to confer therapeutic benefits in psoriasis. A number of mechanisms of action have been implicated, including alterations in cytokine expression that suppress the Th1/ Th17 inflammatory axis while upregulating the Th2 pathway, induction of apoptosis of various cutaneous cells, and immunosuppression of LCs and other key cells that play a significant role in the inflammatory process of psoriasis. These different modalities suggest that phototherapy treatment for psoriasis is likely intricate and multifaceted and reflects the complex nature of psoriasis pathophysiology.
Although the mechanisms described in this article have been classified into four broad categories of action, some of these mechanisms defined in the literature may have overlapping features. For example, apoptosis of Th1 and Th17 cells may lead to a decrease in Th1-and Th17associated cytokines, and apoptosis may also be considered a form of immunosuppression. As such, these classifications should be used with flexibility as these categories have shared overlapping characteristics.
Furthermore, it remains unclear as to which processes described in the literature play a more significant role in the therapeutic benefits of phototherapy or which processes occur first. Several different modalities may be responsible for creating synergistic effects. Future studies will be needed to clarify which modes of action play a larger role in the treatment of psoriasis and, more precisely, how these mechanisms are interrelated.
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